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Introduction
Phosphorus is an essential nutrient for plants and animals. It naturally occurs in the form of phosphate, which can be found in both of surface water and groundwater. Apart from the weathering of rocks and the decomposition of organic materials, phosphate can enter water bodies in runoff or discharge from various human activities, including urban sewage discharge, industrial wastewater disposal, and use of fertilizers in agriculture. Raw municipal wastewater may contain phosphorus from 4 to 15 mg P/L [1] ; whilst industrial wastewater, i.e. detergent manufacturing and metal coating processes, may contain phosphate levels in excess of 10 mg P/L [2] . To date, the increasing release of phosphate-containing wastewater to natural water bodies has caused eutrophication, depopulated aquatic living species and deteriorated water quality. In order to avoid accelerating eutrophication, the total phosphorus in water bodies should be controlled in less than 0.10 mg P/L [3] . In order to achieve that, the typical discharge standard of wastewater containing phosphorus is normally 1 -2 mg P/L; however in some regions, such as Washington D.C. in U.S., a more stringent phosphorus discharge limit, which is less than 50 µg P/L, has been set [4] . Clearly, the phosphate removal from wastewater is required before its discharge into aquatic environment.
Until now, a number of techniques have been developed for phosphate removal, such as adsorption, precipitation, ion exchange, reverse osmosis and biological methods. Among them, adsorption is considered as a promising technique, because of its high efficiency and low cost [5] .
Among various adsorbents, including inorganic, organic and inorganic-organic hybrid materials [6] [7] [8] [9] [10] [11] [12] [13] , particular interest has been attracted on the utilization of natural materials, which is abundant and low-cost. Several natural or modified natural adsorbents have been investigated for phosphate removal, such as palygorskite [14] , La-doped vesuvianite [15] , pillared montmorillonite [16] , calcite [17] , goethite [18] , red mud [19, 20] , fly ash [21, 22] , Fe oxide tailing [23] and blast furnace slag [24] , etc.
Laterite is a type of economical and widely available soil. It is formed by long-lasting weathering, intensified by high temperature and rainfall in hot and wet tropical areas, from diverse rocks, i.e.
schists, gneisses, migmatites, granites via the laterization process, where iron is enriched with alkali, alkaline earths and silica. Laterite is mainly distributed in South America, Central Africa, South and Southeast Asia. Depending on the composition of parent rock, geographical depth and climatic conditions, laterite shows various chemical compositions [25, 26] . Normally, it is rich in aluminum and iron oxides, which predominantly accounts for the rusty-red appearance [26] . Raw laterites have been studied as adsorbents to remove anions from aqueous solution, e.g. arsenic [27] [28] [29] and fluoride [30] . However, until now, no study has investigated the phosphate adsorption performance of laterites. In recent years, the ferric modification of adsorbents has been proven as an effective strategy to enhance their phosphate removal efficiency from aqueous environment [31] [32] [33] [34] . For example, Aryal et.al found that the Fe(III)-treated biomass had a phosphate adsorption capacity of 23.14 mg P/g at the optimum condition; whereas the untreated biomass did not show any significant phosphate removal capacity [34] . Iron oxide-modified activated carbon composite was reported to exhibit an adsorption capacity of 32.11 mg P/g, which was 6.04 mg P/g higher than that of activated carbon [33] .
In this study, we reported the utilization of ferric-modified laterites as adsorbents to remove phosphate for the first time. In particular, we selected one of the widely available and low-cost laterites, which is originated from the hills to the south of Changjiang River in China. The phosphate adsorption isotherms and kinetics of our ferric-modified laterite were studied in detail.
The impacts of several factors, such as contact time, temperature, initial pH and coexisting ions, on the phosphate adsorption were investigated systematically. Three primary thermodynamic parameters, e.g. Gibbs free energy change (∆G°), enthalpy change (∆H°), and entropy change (∆S°), were also calculated to reveal the nature of phosphate adsorption process.
Materials and methods

Materials
The laterite used in the study was obtained from Baisha Bay in Guangdong, China. All of the chemicals herein, including FeCl 3 ·4H 2 O, KH 2 PO 4 , NaOH, Na 2 CO 3 , Na 2 SO 4 , NaCl, and HCl (32 wt %), were of analytical grade, which were obtained from Tianjin Chemical Co. (China) and used as received.
Preparation and characterization of modified ferric modified laterite
Raw laterite was ground and sieved, after which the particles with a size of <150 µm were selected for subsequent modification. Typically, 10 g of laterite powder was dispersed into 1 L water, in X-ray diffraction (XRD) patterns were recorded on a Rikaku Dmax-RB diffract meter using CuKα radiation under 36 kV and 20 mA within the 2θ range of 10 -80°. The specific surface areas and pore volumes were analyzed by using the N 2 adsorption-desorption method (Micromeritics ASAP 2020M). The SEM images and EDX were obtained using a Philip XL-30ESEM scanning electron microscope (SEM).
Phosphate adsorption experiments
A series of batch tests were conducted to investigate the phosphate adsorption performances of our adsorbents. Each of the experimental results was conducted three times and the average value was used. Typically, 0.15 g of the as-prepared adsorbent was added into 50 mL of 20 mg P/L phosphate solution in a sealed conical flask, which was prepared by dissolving anhydrous K 2 HPO 4 in deionized water. After shaken for 24 h, the solution was removed by filtering through a syringe The equilibrium data were fitted to the well-known Langmuir and Freundlich isotherm models, as shown in Eqs. (3) and (4), respectively.
Langmuir model:
Freundlich model:
where C e is the concentration of phosphate solution at equilibrium (mg P/L); q e is the corresponding adsorption capacity (mg P/g); q 0 (mg/g) and K L (L/mg) are constants in the Langmuir isotherm model which are related to adsorption capacity and energy or net enthalpy of adsorption, respectively; K F (mg/g) and n are the constants in the Freundlich isotherm model, which measure the adsorption capacity and intensity, respectively.
Three fundamental thermodynamic parameters, i.e. ∆G°, ∆H° and ∆S°, were calculated to evaluate the thermodynamic feasibility and the nature of the adsorption process. ∆G° can be calculated according to the following equation:
where R is the gas constant (8.314 J/mol K); T is the temperature in Kelvin; and K d is the thermodynamic equilibrium constant of the adsorption process, reflecting phosphate distribution between the solid and liquid phases at equilibrium. K d can be determined by plotting ln(q e /C e ) vs. q e and extrapolating q e to zero [35] . ∆H° and ∆S° were evaluated using the Van In order to analyze the kinetic mechanism of adsorption process, the experimental kinetic data were fitted in the pseudo-first-order model and pseudo-second-order model, which are described as Eqs. (7) and (8) where q t and q e are the amount of phosphate adsorbed over a given period of time t (mg P/g) and at equilibrium (mg P/g), respectively; and t is the sorption time (min); k 1 is the adsorption rate constant of the pseudo-first-order adsorption (1/min); k 2 is the equilibrium rate constant of the pseudo-second-order adsorption (g/mg/min).
To investigate the effect of pH on the phosphate adsorption, 0.15 g of the adsorbent was added in In order to evaluate the possible reusability, the adsorbent was regenerated by using 0.1 M NaOH solution. 0.5 g of the spent adsorbent was mixed with 500 mL of 0.1 M NaOH solution and placed in the shaker at room temperature for 24 h. The solid sorbents were separated by filtration, washed with deionized water and dried at room temperature. The regenerated adsorbent was reused for phosphate removal in the solutions with an initial P concentration of 20 mg P/L. The above-mentioned adsorption-desorption cycles were repeated for four times to evaluate the reusability of our adsorbent.
Results and discussion
The % of phosphate removal at equilibrium in 20 mg P/L solution by using the parent and modified laterite adsorbents are showed in Fig. 1 . It clearly shows that four modified adsorbents possess higher phosphate removal rates, as compared to that of RL which is only 52.65 % (Fig.   1a) . Furthermore, by increasing the concentrations of FeCl 3 solution from 0.3 M to 0.5 M, the % of phosphate removal at equilibrium of resulting samples (ML-A, ML-B, and ML-C) increase gradually and reach up to 90.12% (Fig.1b-d) . However, when the concentration of FeCl 3 solution is 0.6 M, the % of phosphate removal at equilibrium for ML-D declined (Fig. 1e) .
In our experiment, the addition of FeCl 3 in laterite aqueous solution at high pH caused the precipitation and deposition of iron oxide (β-FeOOH), which is characterized by XRD pattern in This may be attributed to that the lower pH (4.56) of solution after adding 0.6 M FeCl 3 causing less precipitation of iron oxide on the surface of laterite, in relative to that produced in the solution with higher pH (5.07) by mixing 0.5 M FeCl 3. This is further confirmed by our EDX result that the Fe contents (wt%, in the form of oxide) in ML-C and ML-D are 10.47% and 9.68%, respectively.
Herein, we selected the adsorbent ML-C, which has the highest % of phosphate removal at equilibrium, for further study on its phosphate adsorption performance.
Characterization of RL and ML-C
X-ray diffraction patterns of RL and ML-C are illustrated in Fig. 2 . The major crystalline phases of RL are constituted of kaolinite, quartz, gibbsite, hematite and goethite (Fig. 2a) . After modification, several akaganeite (β-FeOOH) characteristic peaks can be found at 17.2 °, 26.7 °, 35.5° and 57.3° in the XRD pattern of ML-C (Fig. 2b) , according to JCPDS card no. 34-1266.
This confirms the presence of akaganeite in ML-C after the ferric modification. The following equation shows the possible mechanism for the formation of akaganeite during preparation by mixing FeCl 3 solution and NaOH solution [36, [38] [39] [40] . Table 1 shows the specific surface areas and total pore volumes of the RL and ML-C samples. As (Fig. 3) , the RL sample possesses a rough surface; whereas the surface of ML-C appears to be much rougher. It provides visual evidence suggesting the formation of akaganeite on laterite surface after the ferric modification, which is also strongly supported by the XRD results (Fig. 2 ).
This roughness contributes to the increase of specific surface area and pore volume. In Table 1, there is no significant difference in the chemical compositions of RL and ML-C, except the Fe content (wt%, in the form of oxide). After the modification, the Fe content (wt%, in the form of oxide) of ML-C is 10.47%, which is 3.31% greater than that of RL. Fig. 4 shows the adsorption capacities of phosphate onto ML-C against the phosphate equilibrium concentration at different temperatures. As two general isothermal adsorption models, Langmuir and Freundlich models are used to evaluate the experiment data. [5, 38] or hematite [32] and Al(III) from gibbsite [42] in the parent laterites. Considering the practical application of our synthesized ML-C as an adsorbent for phosphate removal in wastewater, in which EPA suggests a residual phosphate concentration of < 0.05 mg P/L [4] , the phosphate uptake capacity at the equilibrium concentration of 0.05 mg P/L is calculated to be 1.59 mg P/g by using most fitted isotherm model, Freundlich isotherm. In addition, the Langmuir adsorption capacities (q 0 ) are 31.53 mg P/g, 24.98 mg P/g, and 21.01 mg P/gat 25 °C, 35 °C and 45 °C, respectively. The decrease of adsorption capacity with increasing temperature suggests that the phosphate adsorption onto ML-C to be exothermic. In particular, our ferric-modified laterite possesses a considerable adsorption capacity, regarding to other natural or modified natural adsorbents in literature, such as Fe(III)/Cr(III) hydroxide (6.5 mg P/g) [43] , ferric sludge (30mg P/g) [44] , akaganeite (28 mg P/g), goethite (24 mg P/g) [38] , and hematite (3 mg P/g) [32] .
Adsorption of phosphate on ML-C 3.2.1. Adsorption isotherms
Moreover, after phosphate adsorption experiment, the release of Fe(III) from the ferric-modified ML-C is less than 0.07%. This strongly suggests that the formed akaganeite be tightly bonded with laterite, despite a simple deposition method was utilized in our study.
Thermodynamics analysis
The Table 3 . The decreases of K d with the temperature rise indicates the exothermic nature of the process [45] . ∆G° indicates the degree of spontaneity of the sorption process. The values of ∆G° obtained at all temperatures are negative and increase with temperatures, suggesting the spontaneous nature of phosphate adsorption onto ML-C and the decrease of spontaneity at higher temperatures. This is in accordance with the aforementioned result, which is depicted by the isotherms (Fig. 4 and Table 2 ), that the adsorption capacity decreases with increasing temperatures. The negative value of ∆H° confirms the exothermic nature of phosphate adsorption [9] . The negative value of ∆S° indicates the decrease in randomness during the adsorption process.
Kinetic study
The adsorption kinetic study with the use of ML-C in the solution of different initial P concentrations is shown in Fig. 6 . As seen, the phosphate adsorption capacity onto ML-C increases rapidly in the first 60 min of the adsorption process; and then increases gradually until the adsorption equilibrium is reached after 480 min (8 h). The further increase of contact time does not affect the adsorption capacity of ML-C. Meanwhile, the phosphate adsorption capacity strongly depends on the initial P concentration of solution; that the adsorption capacity of ML-C recorded at 960 min increases from 1.67 mg P/g in 5 mg P /L solution to 5.64 mg P/g in 50 mg P/L solution.
In order to further study the phosphate adsorption of ML-C, both of the pseudo-first-order and pseudo-second-order models are used to evaluate the kinetic data which are recorded in the phosphate solution with different initial concentrations (Fig. 7) ; and the corresponding parameters and correlation coefficients are listed in Table 4 . The results are found to better match with the pseudo-second-order kinetic model (R 2 ≥ 0.995) than the pseudo-first-order model (R 2 ≥ 0.903),
suggesting that the adsorption of phosphate onto ML-C be chemisorptions [46] .
Effect of pH
The pH effect on the phosphate adsorption was examined by varying the initial pH values from 3.0 to 9.0 over a range of phosphate concentrations, as exhibit in Fig. 8 . It is evident that the adsorption process of phosphate is highly dependent on the pH values of solution. When pH = 3.0, the adsorption capacity of ML-C is about 31.36 mg P/L, which is over 3 times higher than that recorded at pH = 9.0. The phosphate adsorption capacity of ML-C decreased gradually with the increase of pH. Similar findings have also been reported for the adsorption of phosphate onto Fe(III)/Cr(III) hydroxide [43] , Fe(III) oxide-modified activated carbon [33] and hydrated ferric oxide-doped activated carbon fiber [11] , which may be explained by both of electrostatic attraction and ligand exchange mechanisms [11, 43, 47] .
It is known that the phosphate can exist in different ionic species of H 2 PO 4 − , HPO 4 2− , and PO 4 3− , depending on the pH of solution [48] . When the pH value is between 2.13 and 7.20, the main species in solution is monovalent H 2 PO 4 − ; whilst in the pH between 7.20 and 11.0, the predominant species of phosphate is HPO 4 2− . The effect of pH on the zeta potential of ML-C is showed in Fig. 9 , in which the isoelectric point pH pzc of ML-C is at 8.6, revealing that the surface of ML-C is protonated over the studied pH range from 3 -8. The protonation of the active sites can favor the electrostatic attraction to phosphate species H 2 PO 4 − and HPO 4 2− , which can be described as following equations [6, 43] However, when the pH of solution is increased, the active sites are deprotonated and cause more negative charges on the adsorbent surface. Meanwhile, there is a competition between the negatively charged phosphate species and the hydroxide groups adsorbed onto the more negatively charged adsorbent [11] , resulting in a lower phosphate adsorption at the higher pH value.
On the other side, ligand exchange is also suggested as one of the mechanisms to cause the change of phosphate adsorption of ML-C in the solution with different pH [49] . As shown in Fig. 10 , the initial pH of our prepared phosphate solution (50 mg P/L) is 5.01. After adding ML-C, the pH value gradually increases to 5.37 after 480 min, and stays unchanged when the equilibrium is reached according to our finding in the kinetic study (Fig. 5) . The increase of pH during the adsorption process is due to the release of hydroxyl ions from the active sites of ML-C, which is shown in following equations, (M refers to the active sites of Fe(III) or Al(III) in ML-C): When the pH of phosphate solution is increased from 3 to 9, the high concentration of hydroxide groups has an adverse effect on the phosphate adsorption induced by ligand exchange, leading to a lower adsorption capacity.
Effect of coexisting ions
Apart from phosphate, many inorganic anions exist in natural water, which are highly reactive towards the surfaces of metal oxides and may compete with phosphate anions for the adsorptive sites, thus affecting phosphate adsorption. To investigate the practical applicability of ML-C, our study assesses its P adsorption behavior in the presence of 0.001 M and 0.01 M anions, e.g. chloride, nitrate, sulfate and bicarbonate ions, respectively. As demonstrated in Fig. 11 , all of the four anions hardly interfere with the adsorption of phosphate on ML-C. The variation in the concentrations of coexisting ions (0.001 M or 0.01 M) has little effect on the phosphate adsorption neither. In other words, our adsorbent ML-C possesses great potential for use in practical application.
To regenerate and reuse the adsorbent is an important way to reduce the cost in water treatment process. NaOH solution is known to be suitable to regenerate most metal oxides/hydroxides [50] , which was utilized here to achieve the phosphate desorption from the spent ML-C. Fig. 12 shows the phosphate adsorption capacities in four times of adsorption-desorption cycles. As seen, the phosphate adsorption capacity after the first adsorption-desorption cycle is 3.79 mg P/g, which is 97.4% of the original adsorption capacity. The adsorption capacities after the second, third and fourth adsorption-desorption cycle are almost as the same as the one after the first one. Therefore, our ferric-modified laterite adsorbent possesses a superior regeneration capacity, which can be repeatedly used for phosphate removal without a significant loss in their adsorption performance.
Conclusions
Ferric-modified laterite adsorbent was utilized to remove phosphate for the first time. The synthesized ferric-modified laterite (ML-C) showed a dramatically enhanced phosphate removal rate, as compared with the raw laterite (RL). Moreover, the maximum adsorption capacity of ML-C was 31.53 mg P/g, which was superior to most of the reported natural or modified natural adsorbents in literature. In our study, the optimal pH for the phosphate adsorption of ML-C was at 3.0. The coexistence of 0.001 M or 0.01 M anions, i.e. Cl − , NO 3 − , SO 4 2− , HCO 3 − , in the solution did not significantly impact on its phosphate adsorption. ML-C could almost completely maintain its adsorption capacity after four adsorption-desorption cycles. Our study showed that the ferric-modified laterite, which was synthesized via a simple and scalable preparation method, could be used a promising and cost-effective adsorbent for phosphate removal. Tables: Table 1 . Chemical compositions (in the form of oxide) and textural characteristics of RL and ML-C. 
